Fast-growing broiler chicks are susceptible to Se deficiency diseases including exudative diathesis (ED). Our objective was to determine if ED could be induced by feeding a current, practical diet and if the incidence was related to selenogenome expression in liver and muscle of chicks. Four groups of day-old broiler chicks (n = 60/group) were fed a corn-soy basal diet (BD; 14 mg Se/kg; produced in the Se-deficient area of Sichuan, China and not supplemented with Se or vitamin E), the BD and all-rac-a-tocopheryl acetate at 50 mg/kg and Se (as sodium selenite) at 0.3 mg/kg, or both of these nutrients for 6 wk.
Introduction
Broiler chicks are fast growing and susceptible to dietary Se deficiency. Three classical Se deficiency diseases in chickens include: ED 8 , pancreatic atrophy, and nutritional muscular dystrophy (1) . The role of Se and its interaction with vitamin E in preventing these diseases were intensively studied in the 1950s to 1970s (2) (3) (4) (5) (6) (7) (8) . Attempts were also made by earlier researchers to elucidate how Se deficiency induced the pathogenesis of these disorders, but the resulting mechanisms remained largely nutritional (9) . Although recent progress (see for review, 10, 11) in Se biology offers new molecular tools for scientists to better address this "old" question, a practical challenge is whether the classical Se deficiency diseases can be replicated by using currently available practical diets.
A total of 25 selenoprotein genes (12) have been identified in mammals. The effects of dietary Se concentrations on the expression of these genes as arrays have been studied in mice (13) , rats (14) , and pigs (15) . Only 14 poultry homologs of these 25 mammalian selenoprotein genes can be directly assembled from the currently public available database (16) . There has been no information on the responses of selenogenome to dietary Se changes in broiler chicks. Because these animals are extremely susceptible to dietary Se deficiency, revealing the regulation of dietary Se on their selenogenome will not only help understand the pathogenesis of ED and other Se deficiency diseases but will also provide useful clues to unveil the metabolic functions of new selenoproteins. Although dietary vitamin E is closely related to Se in preventing these diseases (9) , no report to our knowledge is available to illustrate its effects on selenoprotein gene expression in vivo. Therefore, we conducted this experiment to determine: 1) if the classical Se deficiency disease ED could be replicated in chicks by feeding a low-Se, practical corn-soy diet from the Se-deficient area in China; 2) if the occurrence of ED was associated with selenoprotein gene expression in tissues; and 3) if selenoprotein gene expression was regulated by dietary vitamin E. Answers to these questions were intended to demonstrate the systematic correlation between the development of a classical Se deficiency disease (ED) and expression profiles of multiple newly discovered selenoproteins and to reveal novel roles of dietary vitamin E in regulating selenoprotein gene expression in broiler chicks.
Materials and Methods
Chickens, diet, and experimental design. Our animal protocol and laboratory procedure followed the research guidelines of Sichuan Agricultural University, China. A total of 255 day-old male broiler poults (Wenjiang Zhengda Poultry) were selected. A total of 15 chicks were killed on d 1 for baseline analyses and the rest of the 240 birds were allotted into 4 dietary treatment groups (n = 60). The BD ( Table 1) was composed of corn and soybean meal produced in the Se-deficient area of Sichuan, China and was not supplemented with Se or vitamin E (-Se-VE). The other 3 experimental diets were supplemented with all-rac-atocopheryl acetate (Sichuan Internet Aaron Biotechnology) at 50 mg/kg (-Se+VE), Se (as sodium selenite, Sichuan Internet Aaron Biotechnology) at 0.3 mg/kg (+Se-VE), or both of these nutrients (+Se+VE). The analyzed Se concentrations were 14, 26, 421, and 570 mg/kg of feed (as fed) for these 4 diets, respectively. All 4 experimental diets were supplemented with the antibiotic colistin sulfate (Sichuan Internet Aaron Biotechnology) at 40 mg/kg of feed (mixed with the trace element premix). Chicks were housed in battery brooder cages with raised wire floors and the temperature was maintained at 30, 28, and 258C for the first, second, and subsequent weeks, respectively. Animals were provided free access to the designated diets in plastic troughs and deionized water in stainless steel troughs. The experiment lasted for 6 wk. Individual body weights of chicks were measured weekly and cage feed disappearance was recorded daily to calculate actual daily feed intake of individual chicks. Daily observations were made to record general health, clinical symptoms of Se deficiency diseases, and mortality. Incidences of ED, based on the gross appearance (4), were recorded in detail throughout.
Sample collection and preparation. At the end of the study, chicks (n = 8-15/group) were killed by decapitation to collect blood, liver, and pectoral muscle samples. After immediate dissection on an ice-cold surface, liver was perfused with and muscle was washed with ice-cold isotonic saline before being minced with surgical scissors. The minced samples were divided into aliquots, snap-frozen in liquid nitrogen, and stored at 2808C until use. Plasma samples were prepared by centrifugation of the whole blood (sodium EDTA as anticoagulant, 2200 3 g for 15 min, 5804R Centrifuge, F45-30-11 rotor, Eppendorf) and stored at 2808C.
Biochemical assays. Plasma and feed Se concentrations were measured using the hydride generation-atomic fluorescence spectrometer (AFS-3200,Yongtuo Instruments) (17) against the standard reference of Se [GBW (E) 080441, National Research Center for Certified Reference Materials]. Two independent samples were taken from each experimental diet for the total Se analysis. Plasma a-tocopherol concentrations were determined using HPLC (EX1600, Wufeng Instruments) against the standard reference of a-tocopherol (GB-T5009.82-2003, National Research Center for Certified Reference Materials). Activities of GPX were measured using a GPX assay kit (A005, Nanjing Jiancheng Bioengineering Institute) and an UV-visible spectrophotometer (DU800, Beckman). Concentrations of protein were determined using the Bradford method (18).
Real-time qPCR analysis of selenoprotein mRNA levels. To determine the effects of dietary Se and vitamin E on the mRNA expression of 14 selenoprotein genes assembled from the currently publicly available database (19), we isolated total mRNA from liver and muscle (50-100 mg tissue) of the 5 most representative chicks from each group (based on ED incidences and growth performance). The RNA sample preparation, qPCR procedure, and relative mRNA abundance qualification were the same as previously described by our group (15) . Primers (Supplemental Table 1 ) for the 14 selenoprotein genes and 2 reference genes: b-actin (Actb) and glyceraldehyde 3-phosphate dehydrogenase (Gapdh), were designed using Primer Express 3.0 (Applied Biosystems).
Statistical analysis. The main effects of dietary Se and vitamin E were analyzed as 2 3 2 factorial arrangement of treatments by 2-way ANOVA (SPSS for Windows 13.0). Mean comparisons were conducted by using a Bonferroni t test when the main effect was significant. If an interaction between dietary Se and vitamin E was found, a mean comparison were done conditionally. Data were presented as mean 6 SE and the significance level was set at P , 0.05.
Results
Growth performance, plasma Se and a-tocopherol concentrations, plasma and tissue GPX activities, and incidence of ED. The final body weight and overall daily gain of chicks were additively decreased (P , 0.05) by dietary Se (34-38%) and vitamin E (7-10%) deficiencies ( Table 2) . Daily feed intake and gain/feed efficiency were decreased (;20%; P , 0.05) by dietary Se deficiency. Dietary vitamin E deficiency decreased (P , 0.05) plasma a-tocopherol concentrations by 84 and 77% in the -Se and +Se chicks, respectively, whereas dietary Se deficiency decreased (P , 0.05) plasma Se concentrations by 92 and 87% in the -VE and +VE chicks, respectively. Dietary vitamin E deficiency also decreased (P , 0.05) plasma Se concentrations by 50 and 16% in the -Se and +Se chicks, respectively. Plasma GPX activity as well as liver and muscle GPX activities were decreased (P , 0.05) by dietary Se deficiency ( Table 3) . At wk 2, the -Se chicks had~50% of the GPX activities as in the +Se chicks. Whereas the relative percentage of plasma GPX activity dropped to~10% at wk 4 and 6, liver GPX activity in the -Se chicks remained 29% of that in the +Se chicks at wk 6. Plasma GPX activity was decreased (P , 0.05) by dietary vitamin E deficiency in both the -Se (14%) and +Se (10%) chicks at wk 4, but the groups did not differ at wk 2 or 6. The incidence of ED and other diseases such as pancreatic atrophy (data not shown) occurred in -Se chicks as early as wk 2. Thereafter (from wk 3 to 6), 36 chicks showed symptoms of ED and 21 chicks died in the -Se-VE group. Meanwhile, 11 chicks showed symptoms of ED and 1 chick died in the -Se+VE group. Autopsy of these 2 groups of chicks (Supplemental Fig. 1) showed the typical greenish, gelatinous edema, with subcutaneous hemorrhage under the skin of dependent portions of the body (1). These signs appeared mostly under the breast, but also under the wings, the ventral surface of the face, and down the legs. No incidence of ED or other diseases such as pancreatic atrophy was observed throughout in the +Se chicks.
Muscle mRNA levels of selenoprotein genes. A total of 9 of the 14 assayed selenoprotein genes in muscle were affected (P , 0.01) by dietary Se, whereas only 2 selenoprotein genes (Selk and Sepx1) were affected (P , 0.01) by dietary vitamin E and/or its interaction with Se (Supplemental Table 2 ). The -Se chicks had 24-55% lower (P , 0.05) muscle mRNA levels of Gpx1, Gpx4, Sepw1, Sepn1, Sepp1, and Selo than those of +Se chicks (Fig.  1A-F) . In contrast, muscle mRNA levels of Txnrd1 (Fig. 1I) were actually 73% greater (P , 0.05) in the -Se chicks than in those of +Se chicks. Muscle mRNA levels of Selk (Fig. 1G) were decreased (5%; P , 0.05) in the -Se chicks and increased (38%; P , 0.05) in the +Se chicks by dietary vitamin E supplementation, respectively. However, the converse was true for the effects of dietary vitamin E on muscle mRNA levels of Sepx1, with a 37% increase (P , 0.05) in the -Se chicks and 21% decrease (P , 0.05) in the +Se chicks. In contrast, muscle mRNA levels of Sels, Selt, Sep15, Seli, and Txnrd2 were not affected by dietary Se or vitamin E (Supplemental Table 3 ).
Liver mRNA levels of selenoprotein genes. A total of 11 of the 14 assayed selenoprotein genes in liver were affected (P , 0.01) by dietary Se, whereas 4 selenoprotein genes were affected (P , 0.01) by dietary vitamin E (Supplemental Table 4 ). The -Se chicks had 23-62% lower (P , 0.05) liver mRNA levels of Gpx1, Gpx4, Sepw1, Sepn1, Sepp1, Selo, Selk, Sels, Selt, Sep15, and Sepx1 than those of the +Se chicks ( Fig. 2A-N) . Notably, the +VE chicks had 25-35% lower (P , 0.05) liver mRNA levels of Gpx1, Seli, Txnrd1, and Txnrd2 (Fig. 2A, L-N) than those of -VE chicks at both levels of dietary Se concentrations.
Discussion
The classical Se deficiency disease ED was successfully replicated in broiler chicks fed a practical corn-soy diet produced in the Se-deficient area of China. Chicks fed the Se-deficient diets manifested typical clinical signs of ED and showed poor growth performance, decreased plasma concentrations of Se and a-tocopherol, and low plasma GPX activity and liver and muscle GPX activities (7). Although the analyzed dietary Se (5) 1 Values are means 6 SE (n). Means in a row with superscripts without a common letter differ, P , 0.05. 2 As sodium selenite (Sichuan Internet Aaron Biotechnology). 3 As all-rac-a-tocopheryl acetate (Sichuan Internet Aaron Biotechnology). 4 n = 8-60 surviving chicks. 5 Initial plasma Se concentration of day-old chicks was 1.2 6 0.0 mmol/L (n = 5). 6 VE = a-tocopherol. The initial plasma concentration of day-old chicks was 230.6 6 150.0 nmol/L (n = 5). Values are means 6 SE, n = 6. Means in a row without a common letter differ, P , 0.05. 2 1 mmol glutathione oxidized/min at 378C. 3 See Table 2 for supplemental forms of VE and Se.
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by guest on October 14, 2017 jn.nutrition.org concentrations were discrepant from the respective designated levels, these apparent discrepancies may just underscore the common technical challenges of sampling and quantification for trace element analysis of complete diets. Because we did not add any inorganic Se to the 2 -Se diets, all Se contents in those diets were from intrinsic source of corn, soybean, and other ingredients and should be the same or similar. Despite this, plasma and tissue GPX activities indicated that the dietary treatments produced appropriate body Se status as intended.
Because supplementing the BD with Se at 0.3 mg/kg completely prevented the incidence of ED and other Se deficiency diseases (data not shown), we attempted to identify common responses of selenoprotein gene expression profiles to dietary Se in 2 major tissues, muscle and liver of chicks, that may be related to the overall protective mechanisms of Se. Indeed, 7 selenoprotein genes, including Gpx1, Gpx4, Sepw1, Sepn1, Sepp1, Selo, and Selk, were downregulated to a similar extents between the 2 tissues by dietary Se deficiency. Coincidently, 6 of these 7 genes code for glutathione peroxidases (Gpx1 and Gpx4) (20, 21) , redox protein (Selk) (22, 23) , and antioxidant proteins with high expression or amount in muscle (Sepw1 and Sepn1) (24-32) and in plasma (Sepp1) (33) . Although the function for the protein encoded by Selo (13,34) is not postulated, a collective loss of the functions associated with the other 6 genes FIGURE 1 Effects of dietary Se and vitamin E concentrations on relative mRNA abundance of 9 selenoprotein genes in muscle of chicks. Data are means 6 SE, n = 5. Means for a variable without a common letter differ, P , 0.05.
FIGURE 2 Effects of dietary Se
and vitamin E concentrations on relative mRNA abundance of 14 selenoprotein genes in liver of chicks. Data are means 6 SE, n = 5. Means for a variable without a common letter differ, P , 0.05.
in liver and muscle might be sufficient to induce liver necrosis and muscular dystrophy, respectively, in the Se-deficient chicks (1). Presumably, similar changes in capillaries (35) may serve as the molecular pathogenesis of ED. However, the severe tissue lesion and the lack of guidance in the literature precluded us from collecting usable capillary samples for a direct analysis in the present study. The lack of appropriate antibodies or sensitive proteomic procedures disallowed us to conduct further functional assessments at the protein level. In liver, 4 additional selenoprotein genes (Sep15, Sels, Selt, and Sepx1) were downregulated by dietary Se deficiency. These genes code for proteins associated with redox control [Sep15 (36) and Sels (37, 38) ], regulation of Ca 2+ homeostasis and neuroendocrine secretion (Selt) (39) , and schizophrenia (Sepx1) (40) . It is unclear if the mRNA decreases of these 4 selenoprotein genes in liver actually led to protein changes and directly linked to the Se deficiency diseases. Because Txnrd1 codes for thioredoxin reductase-1 that protects protein from oxidation (41, 42) , the intriguing elevation of its mRNA in muscle of the Se-deficient chicks might be induced by the elevated oxidative stress. Because supplementing a-tocopherol acetate at 50 mg/kg into the BD greatly decreased the mortality and incidence of ED in chicks, a new question arises as to whether this previously recognized protection (5) was mediated by regulating selenoprotein gene expression. Among the 14 genes assayed, only Sepx1 mRNA level was increased 33% by this supplementation in the muscle of -Se chicks. That supplementation actually caused a 5% decrease (P , 0.05) in Selk mRNA in the -Se chicks, although that change might be functionally negligible. Seemingly, the protection by supplemental vitamin E was mediated via other selenoprotein genes not assayed in the present study or previously postulated mechanisms, including scavenging free radicals directly (43) or enhancing enteric absorption (44, 45) and postabsorptive utilization (9,46) of Se. The last mechanism was somewhat implicated in the present study, because plasma Se concentrations were elevated by dietary vitamin E supplementation at both levels of dietary Se.
The downregulation of hepatic Gpx1, Seli, Txnrd1, and Txnrd2 mRNA by the vitamin E supplementation represents a novel finding of the present study. In fact, all these genes except Gpx1 were affected only by dietary vitamin E. Seemingly, transcriptions of these genes and/or their mRNA stabilities were responsive to liver vitamin E status, although the GPX1 mRNA decreases led to no enzyme activity change. Because these 4 selenoprotein genes code for key redox enzymes (41, 42, 45, 47) , an inverse relationship between their mRNA levels and vitamin E status implies a possible novel functional coordination between Se and vitamin E in vivo. Furthermore, this inverse relationship was concurrent with an elevated plasma Se concentration in the +VE groups. These combined changes might allow limited body Se in Se deficiency to be mobilized and redistributed for the most critical functions, resulting in a delay or attenuation of Se depletion and pathogenesis in susceptible tissues. Sensitive assays using radioactive or stable isotope tracers of Se should be developed to test this hypothesis in future studies. Because this Se-sparing action of vitamin E did not upregulate expression of any assayed selenoprotein genes in the present study except Sepx1, viable candidates for the presumed critical functions in chicks may be among the other 11 unstudied mammalian homologs. Implications of the discrepant roles of vitamin E and its strong interaction with dietary Se on muscle expressions of Selk and Sepx1 remain unclear. Furthermore, an alternative hypothesis should also be tested in the future if the apparent effects of vitamin E on selenoprotein mRNA levels were somewhat confounded by possible differences between the groups in dietary Se intake or growth.
Compared with rodents (13, 14) or pigs (15) , broiler chicks in the present study had a higher percentage of genes assayed responsive to dietary Se but to a less extent. Whereas 9 genes in muscle and 11 genes in liver of the 14 selenoprotein genes assayed in chicks were significantly affected by dietary Se deficiency, only 3 genes (Gpx1, Selh, and Sepw1) in mice (13), 5 genes (Gpx1, Gpx3, Sepw1, Selh, and Selk) in rats (14) , and 3 genes (Gpx1, Sepw1, and Txnrd1) in pigs (15) were highly or moderated regulated by dietary Se. Moreover, a number of selenoprotein genes, including Gpx4, Sep15, Sepn1, Selo, Sels, Selt, or Sepx1, were regulated by dietary Se in chicks in the present study but not in rodents of previous studies (13, 14) . Although Gpx1 was still the most affected selenoprotein gene by dietary Se in chicks, as in the case of rodents (13, 14, 20) , dietary Se deficiency in the former caused relatively modest decreases in liver Gpx1 mRNA or GPX activity (55-80% vs. .90%) compared with the latter. Another unique feature of selenoprotein transcripts in broilers is that the mRNA abundance of Gpx1relative to that of Gpx4 was ;3-12% lower in both liver and muscle. Similar to that shown in turkeys (48) , liver Gpx4 mRNA levels in broilers were regulated by body Se status. As mentioned above, liver Gpx4 mRNA or GPX4 activity was little affected by dietary Se in rodents (48, 49) . Among the 14 selenoprotein genes assayed in the present study, Sepw1 ranked first in mRNA abundance, followed by Sels, Sep15, and Gpx4 in muscle. Meanwhile, Seli had the highest mRNA abundance, followed by Sepp1, Sep15, Gpx4, and Sels in liver. Apart from possible experimental differences, some of these features may imply a unique avian selenogenome derived by an evolution divergence from the mammalian species.
